We present a study of the spatial and color distributions of four early-type galaxies and their globular cluster (GC) systems observed as part of our ongoing wide-field imaging survey. We use BV R KPNO-4m+MOSAIC imaging data to characterize the galaxies' GC populations, perform surface photometry of the galaxies, and compare the projected two-dimensional shape of the host galaxy light to that of the GC population. The GC systems of the ellipticals NGC 4406 and NGC 5813 both show an elliptical distribution consistent with that of the host galaxy light. Our analysis suggests a similar result for the giant elliptical NGC 4472, but a smaller GC candidate sample precludes a definite conclusion. For the S0 galaxy NGC 4594, the GCs have a circular projected distribution, in contrast to the host galaxy light which is flattened in the inner regions. For NGC 4406 and NGC 5813 we also examine the projected shapes of the metal-poor and metal-rich GC subpopulations and find that both subpopulations have elliptical shapes that are consistent with those of the host galaxy light. Lastly, we use integrated colors and color profiles to compare the stellar populations of the galaxies to their GC systems. For each galaxy, we explore the possibility of color gradients in the individual metal-rich and metal-poor GC subpopulations. We find statistically significant color gradients in both GC subpopulations of NGC 4594 over the inner ∼ 5 effective radii (∼ 20 kpc). We compare our results to scenarios for the formation and evolution of giant galaxies and their GC systems.
INTRODUCTION
Globular cluster (GC) populations are powerful probes of the assembly histories of galaxies (e.g., Ashman & Zepf 1998; Brodie & Strader 2006) . GCs are one of the few stellar populations in galaxies that survive for a Hubble time (Milky Way GCs have ages of ∼11 − 13 Gyr; Dotter et al. 2010 ) and therefore they contain an observational record of the chemical and dynamical conditions present in their host galaxy at the earliest stages of the galaxy's formation. In the context of hierarchical galaxy formation theory, GC populations have been used to probe a number of important physical processes. For example, observations of the spatial distribution, stellar populations, and kinematics/proper motions of Milky Way GCs have been used to study the role of accretion and in situ formation in building the Galaxy (e.g., Keller et al. 2012; Mackey & Gilmore 2004; Forbes & Bridges 2010; Dinescu et al. 1999; Searle & Zinn 1978) .
Studies of GC populations outside the Local Group have extended this type of work to galaxies with a wider range of masses, morphologies, and environments (Brodie & Strader 2006; Ferrarese et al. 2012; Brodie et al. 2014) . We have been carrying out a widefield optical imaging survey of giant spiral, elliptical, and lenticular galaxies at distances from ∼10 − 30 Mpc in or-der to characterize the global properties of giant galaxy GC systems. The survey design is presented in Rhode & Zepf (2001; hereafter RZ01) and previous results are given in Rhode & Zepf (2001 ; hereafter RZ01, RZ03, RZ04), Rhode et al. (2005 Rhode et al. ( , 2007 Rhode et al. ( , 2010 , Hargis et al. (2011; hereafter H11) , Hargis & Rhode (2012; hereafter HR12) and Young, Dowell, & Rhode (2012) .
The goal of the survey is to provide robust constraints on galaxy formation scenarios by quantifying the fundamental ensemble properties of galaxy GC populations (e.g, total number and specific frequency of GCs; fractions of metal-rich and metal-poor clusters). Accurate measurements of these properties allow for key tests of the phenomenological GC/galaxy formation models of the previous two decades -galaxy mergers (Ashman & Zepf 1992) , in-situ multiphase dissipational collapse (Forbes et al. 1997) , and collapse plus accretion (Côte et al. 1998 ) -and provide constraints on the latest hierarchical galaxy formation simulations that have investigated GC system properties in a ΛCDM context (e.g, Moore et al. 2006; Prieto & Gnedin 2008; Muratov & Gnedin 2010; Griffen et al. 2010) . GC populations are also being used to study the formation and evolution of early-type galaxies in the context of a "two-phase" (or "inside-out") assembly scenario (see Brodie et al. 2014 and references therein), where giant galaxies experience an early, rapid, dissipational, in situ phase of growth followed by an ongoing dissipationless, accretion phase (Naab et al. 2009; van Dokkum et al. 2010; Oser et al. 2010) .
In this paper we study the spatial and color distribu-tions of a subset of four giant E/S0 galaxies in our survey. We perform surface photometry of the host galaxies and compare the radial and azimuthal structure of the galaxy light to the GC system spatial distribution. We also compare the stellar populations of the host galaxies to their GC systems using radial color profiles (e.g., B − R versus projected radius). Because both the GC systems and host galaxies are studied using the identical imaging data (see §2), we are able to minimize systematic errors in our comparisons. Our primary goal is to quantify the shape of the projected two-dimensional (2D) distribution of the GC systems and compare the results to the shape of the host galaxy light distribution. Whenever possible in the analysis, we consider both the total GC population as well as the metal-rich and metal-poor GC subpopulations. The majority of the work on the spatial distributions of galaxy GC populations has focused on the azimuthally-averaged radial distribution of clusters. Consequently, the connection between the properties of GC system azimuthal distributions and their host galaxies remains poorly understood (Ashman & Zepf 1998; Brodie & Strader 2006) . The largest systematic study of the azimuthal distribution of GC systems was by Wang et al. (2013) , who performed a statistical study of the 2D shape of the 94 early-type galaxies in the ACS Virgo Cluster Survey (hereafter ACSVCS; Côté et al. 2004) . Wang et al. (2013) found that in modestly flattened galaxies (ellipticity ǫ > 0.2) both the metal-rich and metal-poor GC subpopulations tend to be aligned to the host galaxy. Detailed results on the GC system azimuthal distributions of 23 ACSVCS galaxies were recently presented by Park & Lee (2013) . They confirmed the position angle alignment of GCs with the host galaxies discussed by Wang et al. (2013) and also found that the ellipticity of the metal-rich GC subpopulations shows a better correlation with the ellipticity of the bulk starlight of the host galaxies than the metal-poor GC subpopulations. However, in both the Wang et al. (2013) and Park & Lee (2013) studies, the field of view of the ACS+HST configuration limits the analysis to only the central ∼2.4
′ of the galaxies (∼12 kpc at the the distance of Virgo). The radial distributions of giant galaxy GC systems typically show a significantly larger extent (see Rhode et al. 2010) , and the ACSVCS imaging only provides 50% spatial coverage for moderate-luminosity galaxies (M V −21; Rhode 2012). Studies of individual galaxies that do cover a larger spatial area have reached differing conclusions regarding the alignment of galaxy GC systems. Gómez & Richtler (2004) studied the azimuthal distribution of the giant elliptical NGC 4374 and found that the metal-rich and metal-poor subpopulations are similar in shape (both to each other and to the host galaxy light). However, their study of NGC 1316, the central elliptical galaxy in Fornax, found that only the metal-rich subpopulation has a similar 2D shape to the galaxy while the metal-poor population has a nearly spherical (circular) spatial distribution (Gómez et al. 2001) . A follow-up study of NGC 1316 by Richtler et al. (2012) found the opposite result for the metal-poor population, namely that the blue GCs do show an elliptical spatial distribution. Richtler et al. (2012) suggests that the differing results are likely due to minimized contamination and a more precise sampling of the GC subpopulations through the inclusion of the Washington C filter in their imaging (compared to the BV I selection of GC candidates in the Gómez et al. (2001) work). The study of M87's GC system by Strader et al. (2011) also found that the metal-poor GC subpopulation is non-circular and has an azimuthal distribution consistent with the host galaxy light. However, a compilation of published and new widefield imaging results on the ellipticities of the GC systems of six galaxies by (Kartha et al. 2014) may suggest a better correlation between the azimuthal distributions of the metal-rich GC subpopulations and the host galaxy light.
The general conclusion reached by Brodie & Strader (2006) in their Annual Review of Astronomy and Astrophysics article on GCs and galaxy formation was that the azimuthal distributions of galaxy GC systems follow that of the host galaxy. At present, however, the small number of galaxies with detailed GC azimuthal distribution subpopulation studies over a large radial extent makes general conclusions about the degree of agreement or disagreement between subpopulations less secure. Our imaging has a radial coverage of ∼25
′ from the galaxy center (∼120 kpc at Virgo distances), allowing us to study the azimuthal distribution out to several effective radii.
Additional motivation for azimuthal distribution studies comes from the connection between the projected 2D shapes of GC systems, GC system kinematics, and the signature of galaxy formation processes. The spatial distribution of point-particles in a large gravitational potential (i.e., GCs in a galaxy+dark matter potential) should be closely tied to the particles' kinematic properties (e.g., rotational flattening, pressure support; Binney & Tremaine 2008) , and therefore the azimuthal distribution of a galaxy's GC system should be linked to the dynamics of the system. The differing spatial and kinematic properties of the metal-rich and metal-poor subpopulations of Milky Way GCs provide a local example of this connection. The Milky Way metal-rich GC subpopulation is not only more centrally concentrated (radially) than the metal-poor GC subpopulation, it is also spatially flattened and shows a modest rotation compared to the spherical distribution and low-rotation of the metalpoor GCs (Zinn 1985) . In addition, because the dynamical timescales of GCs in galaxy halos (in particular) are long, the kinematics -and hence the spatial distribution -may retain the imprint of the formation processes that created the GC subsystems (e.g., dissipation in the metal-rich population; accretion in the metal-poor population). Put another way, the GC system shape may reflect the long-timescale kinematics (particularly in GCs at large radii) and therefore give insights into the various physical processes at work in the formation of galaxies. This paper is organized as follows. In §2 we give an overview of the data sets used in this study and discuss the galaxy sample selection. In §3 we give a detailed description of the data analysis methods (galaxy surface photometry and the azimuthal distribution analysis of the GC system). In §4 we present the results of the surface photometry and GC system analysis for the individual galaxies analyzed in this work. In §5 we discuss the results and present our conclusions.
For this study, we selected a sub-sample of galaxies from our survey with the best overall GC system statistics so that we could explore the host galaxy-GC connection by examining the metal-rich (red) and metal-poor (blue) GC subpopulations. We selected galaxies that (1) show clear statistical evidence of GC system color bimodality and (2) have sufficient numbers of GC candidates in each of the subpopulations. Our previous work studying the azimuthal distribution of the GC system of NGC 7457 (H11) showed that at least 50 GC candidates per subpopulation are necessary for statistically meaningful results using our adopted methodology.
Two further constraints reduce the number of galaxies in the sub-sample constructed for this study. First, for observations of a particular galaxy, the differing magnitude incompleteness in the individual BV R filters (due to different image exposure times, filter/CCD sensitivity, GC color, etc.) means that we only consider the number of GCs in the color-complete GC candidate lists (i.e. the "90% sample", which is 90% complete in each filter). That is, the 90% color-complete sample accounts for the fact that either blue or red GC subpopulations could be preferentially detected. Using these samples, rather than the full GC candidate lists, is therefore important for minimizing observational biases. Second, in order to minimize contamination, we impose a radial cut at the observed radial extent of the GC system (the radius at which the surface density of GCs is consistent with the background within the errors, as defined by our survey methods). We therefore require a galaxy to have N > 50 GC candidates (a) in both the red and blue subpopulations, (b) in the 90% color-complete sample, and (c) within the radial extent of the GC system. Four of the survey galaxies pass these criteria: NGC 4472, NGC 4406, NGC 4594, and NGC 5813. The basic data on these galaxies and their GC systems are shown in Table 1.
The GC candidate lists and deep optical imaging for these galaxies are taken from the results of our ongoing survey: RZ01 (NGC 4472), RZ04 (NGC 4406, NGC 4594 3 ), and HR12 (NGC 5813). Here we give a brief overview of the observational and data analysis methods used in the survey (see RZ01, RZ04 for additional details). In order to characterize the GC systems of galaxies outside the Local Group, we require deep, wide-field, high spatial resolution imaging in three filters. This provides (a) sufficient depth of imaging to cover a significant fraction of the GC luminosity function (GCLF) at the distances of the galaxies, (b) large spatial coverage to trace galaxy GC systems over their full radial extent, (c) excellent image quality, allowing us to resolve many contaminating background galaxies, and (d) multicolor photometry, which further reduces contaminating objects in our GC candidate lists. Our survey has been conducted using BV R imaging with the KPNO Mayall 4m telescope with the Mosaic imager (36 ′ × 36 ′ field of view; 0.26 ′′ pixels) and the WIYN 3.5m telescope with the Minimosaic imager (9.6 ′ × 9.6 ′ field of view; 0.14 ′′ pixels). All four galaxies in this study were imaged using the Mayall 4m+Mosaic configuration. The resulting deep imaging data are used for both galaxy surface photometry and the GC system analyses in our survey. We derive GC candidate lists using the techniques described in RZ01 and RZ04. Contamination is significantly reduced by eliminating extended objects (resolved background galaxies) and selecting GC candidates in the V − R vs B − V color-color plane. The total number of GC candidates in the 90% color-complete samples are 366 for NGC 4472, 1031 for NGC 4406, 1286 for NGC 4594, and 809 for NGC 5813.
DATA ANALYSIS AND METHODOLOGY

Galaxy Surface Photometry
We used the ELLIPSE routine (Jedrzejewski 1987) in IRAF to fit a series of ellipses to the galaxy light after accounting for the sky background level and masking resolved and unresolved sources. Although the galaxy light will dominate the sky background in the inner regions of the galaxy, in the outskirts the galaxy flux will become comparable to the noise in the sky background. Therefore the accurate determination of the sky background (and its associated uncertainty) is critical for proper photometry. We mark a series of rectangular regions across the image that are free of bright stars and sufficiently far from the galaxy. We adopt the average of the median sky values in these regions as our (constant) sky value and subtract it from the image. For the associated statistical uncertainty in the sky background σ sky , we adopt the standard deviation of the median values. We next mask the light from resolved and unresolved objects on the frame to avoid the contribution of flux from foreground stars and background galaxies. Regions of the image containing saturated stars and bleed trails were also masked. The ELLIPSE task was run on the masked, background subtracted V band image of each galaxy, resulting in a series of best-fit isophotes. Because our images are deep, the centers of the host galaxies (typically the inner ∼10 ′′ ) are saturated in our images. We therefore hold the X, Y centers of the ellipses fixed during the isophotal fitting process. These fixed positions were determined from an initial run of ELLIPSE performed without holding the center constant and adopting the X, Y center of the innermost isophotes as calculated by ELLIPSE. In general we saw good agreement between the X, Y centers of the innermost isophotes (e.g. very little drift in the centering) and the adopted center of the galaxy used for the calculation of the GC radial surface density profiles.
We fitted ellipses at semi-major axes ranging from just outside the central, saturated region of the galaxies to the radius at which the mean isophotal intensity became consistent with the overall variation in the sky background across the frame (see §3.1.1). After running ELLIPSE on the V band image, we used ELLIPSE to measure the mean intensity in the B and R images along the resulting V band isophotes. Because this procedure measures the BV R flux at identical semi-major axes, we can use the results to construct radial color profiles for the galaxy light. We use observations of Landolt (1992) standard stars to determine color coefficients and magnitude zero points to convert the instrumental magnitudes and colors to the standard system. We directly calibrate the V mag- was calculated using VT from de Vaucouleurs et al. (1991) and the Galactic extinction AV from Schlegel et al. (1998) . m − M are from Whitmore et al. (1995) for NGC 4472 and NGC 4406 (distance to Virgo Cluster from HST GCLF observations of M87); others are SBF distances from Tonry et al. (2001) . Total number of GCs NGC from references. V -band normalized specific frequency SN from references. Radial extent of GC systems is defined as the radius at which the corrected surface density profile becomes consistent with the background within the uncertainties. Fraction of metal-poor GCs f blue from references. Tables 3-6 of Appendix A and have been corrected for Galactic extinction using the reddening maps of Schlegel et al. (1998) .
Surface Photometry Uncertainties
The primary results of interest from the ELLIPSE fitting are the mean isophotal intensity, mean color, ellipticity, and position angle at each semi-major axis, as well as their associated uncertainties. For the ellipticity and position angle, the uncertainties are calculated by EL-LIPSE based on the internal fitting errors. In general we consider three sources of uncertainty in the surface brightness: (1) the error on the mean isophotal intensity σ INT , (2) the statistical uncertainty in the sky background σ sky , and (3) the systematic uncertainty in the determination of the sky background σ sys . The error on the mean isophotal intensity σ INT is calculated by EL-LIPSE from the RMS scatter in the intensity about the isophote and the number of data points used in the fitting. As discussed above, we adopt the standard deviation of the median sky values (as measured in the box regions) as the statistical uncertainty in the sky level σ sky . Because we perform the ELLIPSE fitting on an image which has had a constant sky level removed, the total uncertainty in the mean intensity σ tot is simply the quadrature sum of the RMS uncertainty and the error in the sky level. For the innermost isophotes near the galaxy center, the total error is often very small (< 0.01). So, where σ tot is less than the uncertainty in the photometric zero point, we adopt the uncertainty in the photometric zero point (typically ∼0.01 − 0.03) as the error on the surface brightness (i.e., the lower limit to the surface brightness errors).
Lastly we consider the systematic uncertainty in the sky background determination. We found that due to the presence of bright stars on or just off some of the images, scattered light artifacts sometimes contributed to a variable background level in ways that were not easily modeled using high-order polynomial surfaces. In general the sky background variation across a frame was typically of order 1% of the mean background level. Although this variation is small when compared to the overall background, such a variation will in general not be small when compared to the faint flux in the outskirts of galaxies.
The lack of a perfectly uniform sky background therefore sets a practical limit on the faintness level reached by our surface photometry. For each BV R image for our target galaxies, we adopt the overall variation in the sky background as a systematic uncertainty σ sys in our choice of background level. That is, we use the σ sys term to account for the fact that our mean background level could be higher or lower by ±σ sys . Although the standard deviation in the sky σ sky will reflect this variation as well, adopting a "range" for the sky background determination more closely reflects the practical difficulties in setting an absolute sky level. We incorporate σ sys into our analysis by increasing or decreasing the mean isophotal intensity I at each radius by ±σ sys counts and recalculating the surface brightness. This produces the "envelopes" about the fiducial surface brightness shown in panels (a) of Figures 1, 7 , 13, and 20. In cases where there was little scattered light on the images, we find σ sys < σ sky and therefore the statistical uncertainty in the sky dominates the error budget. Alternatively, in cases where scattered light was problematic, we found σ sys > σ sky . In practice we fitted ellipses to the galaxy light out to the radius at which the intensity becomes comparable to the larger of σ sys or σ sky .
Galaxy Surface Brightness and GC System Radial Profile Comparisons
The V -band surface brightness profiles of the target galaxies were fitted with de Vaucouleurs law (r 1/4 ) and Sérsic (r 1/n ) profiles over the full radial extent of the data as a function of the geometric mean radius r ≡ √ ab of the isophote (where a, b are the semi-major and semiminor isophote axes, respectively). The effective radius r e of the de Vaucouleurs profile was determined from the slope of a linear fit. For the Sérsic model, the effective radius was determined from the Sérsic index n (where n = 4 for the r 1/4 law) and scale radius coefficient from a non-linear least squares fit (Caon et al. 1993; Graham & Driver 2005) .
To compare the radial distribution of the GC system to the host galaxy surface brightness profiles, we fitted both r 1/4 and Sérsic profiles to the GC radial surface density profiles. We use the results of the de Vaucouleurs law fits from HR12 for NGC 5813 and from RZ01, RZ04 for NGC 4472, NGC 4406, and NGC 4594, respectively. The corrected radial surface density profiles were fit with a linear function of the form
where the resulting slope a 1 determines the effective radius of the GC system. Our Sérsics fits are of the form
where the values of both n and a 1 determine the effective radius. We emphasize that the effective radius as derived from the de Vaucouleurs law or Sérsic profile is the radius that contains half the total luminosity (or number of GCs) integrated over all radii. That is, the profiles explicitly assume an infinite radius for the system (either galaxy or GC system). This is problematic when the model does not provide a particularly good fit out to infinity or, for example, a GC system has a shallow r 1/4 law slope. In these cases, the effective radius will be large and implies a significant number of GCs at large radii. We therefore make a distinction between the "theoretical effective radius" (determined from the model fits) and an "empirical effective radius". Because we have an estimate of the radial extent of the GC system from the GC surface density profile and an estimate of the total number of GCs, we can use this to directly measure r e . That is, we determine an "empirical r e " by integrating the best-fit r 1/4 profile to the radius that includes half the the total number of GCs in the system as derived from our data (i.e., the half-total number radius). We adopt the r 1/4
profile rather than the Sérsic profile for consistency with our total number of GC calculations in previous survey papers (RZ01, RZ04, HR12). While a first-order comparison of effective radii for the galaxy and GC system can be done directly using the slopes of the best-fit profiles, the empirical r e value for the GC system is a more realistic estimate of the half-total number radius.
Comparing GC System and Galaxy Color Profiles
We compare the mean colors and color gradients of the GC systems and host galaxies using the following procedure. The ELLIPSE fitting procedure returns the mean host galaxy color as measured along each isophote, with the isophotes spaced equidistant in log-space (i.e. scaled by a constant mutiplicative factor). To obtain a mean GC system color measured in a similar fashion, we use the galaxy isophotes as determined by ELLIPSE to define elliptical bins. We extend the elliptical bins beyond the last measured isophote for the galaxy using a fixed position angle and ellipticity set by the shape of the outermost measured isophote.
The elliptical isophotes for the galaxy are narrowly spaced relative to the GC system, so we use every fourth isophote to define the edges of the elliptical bins in order to obtain a larger number of GC candidates per bin. We calculate the mean B − R color in each bin and adopt the standard error on the mean as the uncertainty in the color. We adopt the geometric mean radius r ≡ √āb as the radius of the bin, consistent with what we have adopted for the galaxy isophote fitting. We use the inner and outer edges of the bin to calculate the average semi-majorā and semi-minor axesb.
For the host galaxy, we calculate an integrated B − R color using the total magnitudes derived from de Vaucouleurs law fits to the B and R surface brightness profiles. For the GC system, we calculated the mean using the elliptical bins (and weighted by the inverse square of the uncertainties), and as a check, the calculation of the mean based on the individual GC candidate colors gave identical results within the uncertainties. We also used a radial cut for the GC system calculation, using only GC candidates within the measured radial extent of the system in order to minimize contamination. The error in the weighted mean was chosen as the uncertainty in the average color of the GC system.
We also compare the mean colors of the blue and red GC subpopulations to the integrated host galaxy color. We adopt the homoscedastic results (assumption of same dispersion for both subpopulations) of the KMM analysis from HR12 (NGC 5813) and RZ01, RZ04 (NGC 4472, NGC 4406, NGC 4594) for the mean GC subpopulation colors. The uncertainties in the blue and red color distribution peaks were determined using a Monte Carlo bootstrapping algorithm.
The presence of galaxy and GC system color gradients was explored by fitting a weighted linear function to the data in log-space due to the non-linear spacing of the elliptical bins. The "global" GC system color gradientswhich consider both the metal-rich and metal-poor GC subpopulations together -have been investigated previously for our target galaxies (HR12 for NGC 5813; RZ01 for NGC 4472, and RZ04 for NGC 4406 and NGC 4594). Numerous studies have shown that global GC system color gradients arise from the changing mix of metalrich and metal-poor GCs with projected radius from the galaxy center (Geisler et al. 1996; Harris et al. 1998; Lee et al. 1998; Rhode & Zepf 2001 . In this study we explore the possibility of color gradients within the individual GC subpopulations (see also , Forbes et al. 2011 and compare the results to the host galaxy color gradients. In general the color profile data were fitted with a linear function of the form
where the slope a 1 is the color gradient in units of mag dex −1 . The inverse squares of the uncertainties were chosen as the weights for the least-squares fitting. This weighting is critical for measuring a galaxy color gradient in particular. The uncertain sky background (in both filter bandpasses) causes both significant statistical and systematic uncertainties in B − R with increasing radius, and the weighting minimizes the contribution to the results.
The results of the host galaxy and GC color profiles are presented in §4. The colors of galaxies and GC systems reflect the ages and metallicities of their underlying stellar populations, and ideally one would like to make direct comparisons to these parameters rather than color. Unfortunately, age and metallicity are degenerate when using optical colors, i.e., redder photometric colors can be caused by both older stellar populations and by more metal-rich populations (Worthey 1994 ). However, because GCs are many Gyrs old, broadband colors are sensitive to metallicity, with blue colors being more metalpoor than red colors (Worthey 1994; Bruzual & Charlot 2003) . For consistency with our previous GC survey papers, we adopt the same GC color to metallicity conver-sion used in RZ01, which is Unlike GCs, galaxies contain stellar populations with a much wider range of ages and metallicities which complicates the interpretation of a galaxy's optical colors. Numerous studies have used both spectroscopic and photometric techniques to distinguish between age or metallicity in the colors of the stellar populations of galaxies (e.g., Trager et al. 2000; Tamura et al. 2000; Kuntschner et al. 2010; Roediger et al. 2011a,b) . The results have shown that the mean colors and color gradients in early-type galaxies primarily reflect variations in metallicity rather than age. Because an accurate decomposition of age and metallicity would require either a larger photometric baseline (e.g. a UV-optical or optical-IR color; Roediger et al. 2011a,b) or spectroscopic data (Trager et al. 2000) , we simply perform comparisons to the host galaxy by B − R color.
Azimuthal Distribution Analysis
In order to investigate the two-dimensional (projected) shapes of the GC systems, we applied an iterative method of moments algorithm (Carter & Metcalfe 1980) to measure the ellipticity ǫ and position angle θ of the galaxy GC systems in our sample. This method has been used by others to quantify the shape of galaxy GC systems (e.g., Forte et al. 2001 ) and we used this method to study the azimuthal distribution of the GC system of the field S0 galaxy NGC 7457 (H11).
We adopt several additional procedures and constraints when implementing the method of moments. First, we hold the centroid of the ellipse fixed at the galaxy center due to the lack of GC candidates (because of image saturation and high background) towards the center of the galaxy. Second, because the method of moments requires that any measurement annuli lie entirely on the frame, we are limited in the range over which we can measure the ǫ and θ by the frame edges and any large masked regions. Thirdly, we use an iterative method to determine ǫ and θ which accounts for the contaminating background. For wide-field imaging studies which have covered the full radial extent of a galaxy's GC system, the surface density of GC candidates far from the galaxy center will approach a limiting (asymptotic) value. This asymptotic value represents the surface density of contaminating objects, which we assume to be uniformly distributed across the frames. The presence of this uniform background will, in general, yield a more circular (smaller ǫ) measurement of an intrinsically elliptical distribution of points. One can minimize the influence of this background by calculating ǫ and θ within a measurement annulus as determined from a previous estimate of ǫ and θ (i.e. in an iterative fashion).
The method of moments does not allow for a straightforward calculation of the statistical uncertainty in the ellipticity and position angle and so we used a Monte Carlo bootstrapping technique to estimate the uncertainties. We used 10,000 bootstrap samples to determine the distributions of ǫ and θ and adopt the standard deviations of these distributions as the uncertainty in ǫ and θ. In general we find that the bootstrap distributions of ellipticities and position angles are quite symmetric and have mean values that are in excellent agreement with the measured values (i.e., no measurable bias is evident in the bootstrap). We also simulate intrinsically circular (azimuthally uniform) distributions to characterize the statistical significance with which we detect a non-uniform spatial distribution. For each galaxy, we generate 10,000 circular GC spatial distributions and examine the probability that one would obtain an ellipticity as larger or larger than the measured ǫ by chance. We match the total number of GCs and their radial surface density distribution by using the (circular) radial profile bins that were adopted to generate the GC surface density profiles. The results of these significance tests are described along with the individual galaxy results below.
We explored various means of making systematic comparisons of the method of moments results to the galaxy isophote fitting. Although the isophote fitting and method of moments yield measurements of ǫ and θ, the ellipse-fitting measures the galaxy shape at discrete semimajor axes while the method of moments yields a single cumulative (or integrated) result for the GC system. We attempted to measure the GC system ǫ and θ in discrete, circular annuli by applying the method of moments at various radii, adopting the NGC 4406 GC system as our test case. Using a series of 10,000 simulated GC systems (matching the measured ǫ, θ of NGC 4406), we found that although the algorithm is quite robust using circular annuli, the lower number of objects per bin degrades the statistical significance of the results. Put another way, our method does allow for the GC system shape to be measured over smaller annular regions (similar to the more discrete ellipse fitting), but the lower number of objects increases the uncertainties. Thus using an ensemble measure for the ǫ, θ of the GC system gives both a global picture of the GC shape and leverages the larger number of data points to decrease statistical uncertainties.
For the galaxy light, obtaining a "global" measure of ǫ, θ is more problematic due to the changing ellipticities and position angles (particularly in the central regions) as well as the radially-decreasing surface brightness. The issue has been addressed in a number of ways in the literature, including using a surface brightness weighted mean (Lambas et al. 1992) or adopting the ellipticity at a particular isophote (see, for example, Fasano & Vio 1991; Chen et al. 2010 ). Because we are interested in the physical properties of the outer regions of galaxies, we adopted a simplistic approach and adopt the mean ǫ, θ of the outer regions (where the ellipticity "asymptotes") as our "global" value of the galaxy ellipticity and position angle. Furthermore, we are primarily interested in using GCs to probe the physical properties of the halos of galaxies, and therefore the central regions of galaxies are of less significance in this study.
RESULTS FOR INDIVIDUAL GALAXIES
The results of the surface photometry and azimuthal distribution analysis for the four target galaxies are discussed below in §4.1 − §4.4. Table 3 .
We fitted isophotal ellipses to the galaxy light on the masked image from a semi-major axis of ∼13 ′′ to 650 ′′ . The surface brightness, ellipticity, and position angle are shown as a function of geometric mean radius in Figure 1. The data are listed in Table 3 . Comparing our surface brightness profile to the V -band surface photometry of NGC 4406 by Janowiecki et al. (2010) , we see excellent agreement (< 0.1 mag difference) in the inner r < 300 ′′ . At larger radii we measure a surface brightness which is approximately 0.2 − 0.3 magnitudes fainter than Janowiecki et al. (2010) but consistent with their results within our systematic uncertainties. Although NGC 4374 is relatively nearby in projection, Janowiecki et al. (2010) find that the contribution of diffuse light by this galaxy to the NGC 4406 surface brightness profile is likely only important at µ V 27 mag arcsec −2 , so we expect no significant contribution of light from NGC 4374.
Our V -band surface brightness profile is well-fit by an r 1/4 (de Vaucouleurs law) fit in the inner r∼120 ′′ and outer r > 350 ′′ (see Figure 1 ). The r 1/4 law fit yields an effective radius of r e = 151 ± 1 ′′ . The profile shows a slight increase or bump in the surface brightness from ∼120 ′′ < R < 320 ′′ , a feature that has been seen in other surface photometry of this galaxy (Janowiecki et al. 2010; Kormendy et al. 2009 ). This feature significantly degrades the quality of the r 1/4 fit, resulting in a reduced chi-square χ 2 /ν = 14.1. A Sérsic fit yields a significantly larger effective radius of r e = 350 ± 25 ′′ with n = 6.5 ± 0.2 and a reduced chisquare χ 2 /ν = 2.4. Although the Sérsic model provides a statistically better fit, the outermost isophotes are better described by the r 1/4 profile (see Figure 1 ). Our estimates of the effective radius fall between several literature estimates.
The RC3 (de Vaucouleurs et al. 1991) gives an effective radius of 104 ′′ , while Michard & Marchal (1994) and Caon et al. (1993) find r e = 158 ′′ (r 1/4 fit) and r e = 167 ′′ (Sérsic fit), respectively. Our results are in good agreement with the Sérsic fit from Janowiecki et al. (2010) who find r e = 372 ± 17 ′′ but a smaller n = 5.2 ± 0.2. We find a changing ellipticity and position angle in the inner r∼100 ′′ , which is consistent with other results in the literature. The ellipticity increases smoothly to an asymptotic value of ǫ∼0.4 while the position angle varies between −63 < θ < −50. There is good agreement between our measured ellipticities and position angles and the Janowiecki et al. (2010) results.
The BV R color profiles (see Table 3 ) are relatively flat in all three colors, which is consistent with previous surface photometry (Peletier et al. 1990; Michard 1999) . The profiles show systematic blueward or redward deviations at larger radii (r 300 ′′ ). These are likely artifacts of the choice of sky background in one or more filters, as small changes in the sky level at faint surface brightness levels in either filter can significantly change the measured color. We used a weighted least-squares algorithm to fit a linear function to the B − R profile (over the full radial range) and find a color gradient of ∆(B − R)/∆ log (r) = −0.03 ± 0.01 mag dex −1 . This is consistent with the results of Michard (1999) and Peletier et al. (1990) in B − R. We compare the B − R color profile of the galaxy to the GC system in §4.1.2 below.
Globular Cluster System
RZ04 measured a GC system radial extent of ∼ 17 ′ and a total number of GCs of 2900 ± 400 for NGC 4406. The final, corrected radial surface density profile of the GC system is shown with the V -band surface brightness profile (see §4.1.1) in Figure 2 . The GC population has a measured radial extent of ∼ 83 kpc, a radial distance which would require observations at µ V 28 mag arcsec −2 to probe the halo starlight at the same radius. The r 1/4 fit to the profile gives a theoretical effective radius for the GC system of r e(GC) = 20 ± 3 ′ (96 ± 15 kpc) with a reduced chi-square of χ 2 /ν = 3.1. As noted previously, the effective radius -as determined from model fits -is the radius that includes half the total number of GCs assuming the profile extends to infinity. However, the surface density profile shows that the system has a measurable extent of only ∼17 ′ , which is less than the derived r e(GC) . Although some GCs will be located at r > 17 ′ , the low surface density at large radii implies that a significant population is not present. This highlights the sensitivity of the theoretical effective radius to the relatively shallow slope (−1.58) of the de Vaucouleurs law fit.
A Sérsic fit to the GC radial profile (Figure 2) gives r e(GC) = 5.8 ± 0.1 ′ (28 ± 1 kpc) and n = 0.9 ± 0.1 with a reduced chi-square of χ 2 /ν = 0.5. The 3-parameter Sérsic model fits both the flattening surface density of GCs at small projected radii (r < 3 ′ ) and the decreasing surface density at large radii (r > 10 ′ ). The model value of r e(GC) also agrees much better (than the r 1/4 model r e ) with the empirical effective radius for the GC system of r e(GC) = 6.4 ′ (32 kpc). The spatial positions of the 90% color-complete sample of 1031 GC candidates around NGC 4406 are shown in Figure 3 . The elliptical galaxy NGC 4374 appears in close proximity (in projection) to NGC 4406. Therefore in the RZ04 analysis, a 10 ′ × 20 ′ area around NGC 4374 was masked to avoid contamination from that galaxy's GC population (see Figure 3) . The radial extent of the masked region limits our study the NGC 4406 GC system azimuthal distribution to 9.2 ′ (N = 772 GCs), since the method of moments requires measurement annuli to be located entirely on the frame. Note that the exact shape of the masked region does not affect the ellipticity results we derive; the method of moments is sensitive only to the radial extent of the mask.
Applying the method of moments algorithm to the r < 9.2 ′ 90% sample yields an ellipticity of ǫ = 0.38±0.05 and a position angle of θ = −63 ± 6. We show the ellipse solution with the GC positions in Figure 3 . Based on our azimuthally isotropic spatial distribution simulations, we find that the probability of obtaining an ellipticity as big or bigger than the measured value by chance is only p < 0.01%. A previous analysis of the GC azimuthal distribution in NGC 4406 was done by Forbes et al. (1996) Figure 3. Results of the azimuthal distribution analysis for NGC 4406. The positions of the 90% sample of 1031 GC candidates are shown with respect to the galaxy center (red cross). The outer dashed circle denotes the radial extent of the GC system (r ∼ 17 ′ ) and the inner dashed circle denotes the radius over which we are able to study the azimuthal distribution of the GC system (r = 9.2 ′ ). The red ellipse shows the GC system ellipticity (ǫ = 0.38 ± 0.05) and position angle (θ = −63 ± 6) as determined by the method of moments. The masked regions of the image are shaded, including a large portion due to the proximity (in projection) of NGC 4374. from HST/WFPC2 imaging but no significant ellipticity was found, likely due to the smaller radial extent of the observations.
To investigate the azimuthal distributions by GC subpopulations, we split the 90% sample at the empirical color cut of B − R = 1.23. This yields a fraction of blue GCs of f blue = 0.62, consistent with the mixture modeling results from RZ04. Over the 9.2 ′ radial extent for the blue subpopulation, we find ǫ = 0.39 ± 0.06 and θ = −64 ± 9 from N = 379 GC candidates (see Figure 4) . The probability of obtaining an ellipticity as big or bigger than the measured value by chance is p = 0.22%. For the red subpopulation, we find ǫ = 0.36 ± 0.07 and θ = −64 ± 7 from N = 266 GC candidates (see Figure 5) . Our simulations show a probability of obtaining an ellipticity as big or bigger than the measured value by chance is p = 0.07%. Both subpopulations show nearly identical azimuthal distributions and good agreement with the host galaxy (ǭ ≈ 0.4,θ ≈ −55 for r > 300 ′′ ; see Figure 1 and Table 3 ). Figure 6 compares the mean B − R colors and color gradients of the galaxy light and GC population. RZ04 found evidence for a small B − R color gradient of ∆(B − R)/∆(r) = −0.004 ± 0.001 mag arcmin −1 over the full 17 ′ radial extent of the GC system. Using elliptical bins, we find a color gradient of ∆(B −R)/∆ log (r) = −0.06± 0.02 mag dex −1 (∆[Fe/H]/∆ log (r) = −0.18 ± 0.05). Although the GC population shows a slightly larger gradient than the galaxy stellar populations (∆(B − R)/∆ log (r) = −0.03 ± 0.01 mag dex −1 ), the difference is not statistically significant.
We explored the possibility of GC subpopulation gradients by (1) dividing the 90% color-complete sample at B − R = 1.23 (see earlier discussion; RZ04), (2) binning the data in circular annuli of various spacings, and (3) performing linear fits (see Equation 3) to the binned color profile over various radial ranges. We find no evidence (over any radial range) for a statistically significant color gradient in either the metal-rich or metal-poor subpopulations.
The mean B − R color of the host galaxy (B − R = 1.51 ± 0.03) is, however, significantly redder than the GC system. We find a mean color for the GC system of B − R = 1.190 ± 0.006 ([Fe/H] = −1.31 ± 0.02) with subpopulation peaks at 1.11 ± 0.01 (blue) and 1.41 ± 0.01 (red). The difference in colors of ∼0.3 is consistent with previous results which perform similar comparisons (Peng et al. 2006) . The red GC subpopulation is 0.1 mag bluer than the host galaxy, a result which is statistically significant given the low uncertainties in the integrated colors. The mean colors and color gradients are discussed in greater detail in §5.
NGC 4472
Galaxy Surface Photometry
We fitted ellipses to the galaxy light from a semi-major axis of ∼25 ′′ to 477 ′′ and the results are shown in Figure 7 . The data are listed in Table 4 . The V -band surface brightness profile shows differences of less than 0.1 mag (over the full radial range of our observations) compared to the Janowiecki et al. (2010) results. In the outer re- Table 4 .
gions (r > 300
′′ ) the profile is slightly fainter by 0.2 − 0.4 mag but consistent with their results within the statistical uncertainties.
A de Vaucouleurs model provides a good fit to the data over the full radial range of the observations. The fit yields an effective radius of r e = 118 ± 3 ′′ with a reduced chi-squared value of χ 2 /ν = 1.4. This is in excellent agreement with the results of Kim et al. (2000) who found r e = 120 ± 2 ′′ from an r 1/4 law fit to their wide-field surface photometry data. A Sérsic fit to the profile gives a larger effective radius of 180 ± 25 ′′ with n = 5.7 ± 0.7 and a reduced chi-squared value of χ 2 /ν = 0.70. Kormendy et al. (2009) find a similar effective radius and Sérsic index from a fit to their NGC 4472 data (r e = 194 ± 17 and n = 6.0 ± 0.3), but Janowiecki et al. (2010) find larger values of r e = 311±20 and n = 6.9 ± 0.5.
The ellipticity and position angle of the best-fit isophotes ( Figure 7 ; Table 4) vary from the inner regions to the outskirts, with more circular isophotes in the center that become gradually more flattened at larger radii. The position angle varies ∼10
• from the center to our outermost isophotes. We find systematically larger ellipticities (by ∼0.03 − 0.05) than both Janowiecki et al. (2010) and Kormendy et al. (2009) at r > 250 ′′ . We also find slightly more variation in the position angle (∼ 5
• ) over the radial range of our data compared to Janowiecki et al. (2010) and Kormendy et al. (2009) .
As with NGC 4406, the BV R color profiles of NGC 4472 (see Table 4 ) are relatively flat in each fil- ter in the inner ∼100
′′ but become systematically redder at larger radii. This is likely a consequence of the extreme sensitivity of the color at faint surface brightness levels to the sky background determination. The uncertainties in the color grow rapidly in the same regions and any variations are clearly smaller than our errors. The weighted linear fit to the B − R versus log (r) data (over the full radial range) yields a best-fit slope of ∆(B − R)/∆ log (r) = −0.02 ± 0.01 mag dex −1 . Steeper B − R gradients are found by Peletier et al. (1990) , Michard (1999), and Idiart et al. (2002) : values of ∆(B − R)/∆ log (r) = −0.05 ± 0.02, −0.06, and −0.045 mag dex −1 , respectively. We find that the shallower gradient is caused by the systematic reddening of the color at larger radii ( 100 ′′ ). The color gradient within r < 100 ′′ is ∆(B − R)/∆ log (r) = −0.04 ± 0.01 mag dex −1 , which is consistent with the literature results. In addition, the B − V gradient in this region (∆(B − V )/∆ log (r) = −0.04 ± 0.01 mag dex −1 ) shows excellent agreement with the deep imaging of NGC 4472 by Mihos et al. (2013) , who find ∆(B − V )/∆ log (r) = −0.03 ± 0.01.
Globular Cluster System
RZ01 estimated a radial extent of ∼21 ′ for the GC system of NGC 4472 and a total number of GCs of 5900 ± 700. Figure 8 shows the final, corrected radial surface density profile with the V -band surface brightness profile ( §4.2.1). The GC system extends to ∼102 kpc, approximately eight times the effective radius of Figure 9 . The positions of the 90% sample of 366 GC candidates in NGC 4472 are shown with respect to the galaxy center (red cross). The outer dashed circle denotes the radial extent of the GC system over which we are able to study the azimuthal distribution (r ∼ 18 ′ ). For the 90% sample, the low numbers of GCs hinder the ability to detect an ellipticity ǫ < 0.3 (see the discussion in §4.2.2). The masked regions of the image are shaded.
the host galaxy light. We derive a theoretical effective radius for the GC system of r e(GC) = 21 ± 3 ′ (101 ± 15 kpc; χ 2 /ν = 0.64) from an r 1/4 law fit to the radial profile. As with NGC 4406, the theoretical effective radius is inconsistent with the RZ01 results, as the system has a total radial extent of ∼21 ′ . We find an empirical effective radius for the GC system of r e(GC) = 8.1 ′ (39 kpc) from the integration of the r 1/4 profile. A Sérsic fit to the GC radial profile (Figure 8 ) does not provide better agreement with this empirical measure. This fit yields an effective radius of r e(GC) = 12 ± 2 ′ and n = 2.5 ± 0.5 (χ 2 /ν = 0.48). The spatial positions of the 366 GC candidates in the 90% color-complete sample for NGC 4472 are shown in Figure 9 . The shallow imaging of NGC 4472 in the B band (see RZ01 for details) resulted in a relatively small number of GC candidates in the 90% sample. The Mosaic image contained relatively little masked area, so the limiting radius of our azimuthal distribution analysis is the frame edge at r = 18
′ from the galaxy center. We find ǫ = 0.16 ± 0.10 and θ = −61 ± 34
• over this radial region. The likelihood of obtaining an ellipticity as big or bigger than the measured value by chance is p = 45%. It is important to note that this high probability does not imply that the system is intrinsically circular. Rather, this result shows that the distribution is consistent with the expectations from an intrinsically circular distribution. However, such results could also arise from non-circular distributions.
Could the low ellipticity result for the GC system occur simply due to small numbers from what is otherwise an intrinsically non-zero ellipticity GC system? That is, we wish to know how frequently one would measure a value of ǫ = 0.16 ± 0.10 even if the intrinsic spatial distribution is more elliptical. To test this, we simulated 10,000 GC systems with ǫ = 0.25 and θ = −30 (the approximate ellipticity and position angle of the host galaxy outskirts) and the identical number and surface density of GC candidates. We found that spatial distributions with ǫ = 0.16 or smaller would be found in these simulated distributions with a frequency of 32%. This relatively high frequency of obtaining too small of an ellipticity means that the probability distribution of ellipticities is too broad (due to the relatively low numbers of GCs) to confidently measure a low-ǫ distribution.
Lastly, as a simple test, we ran the azimuthal distribution analysis on the full GC candidate sample (with two different radial cuts, r < 18 ′ and r < 8 ′ ) in order to compare the results to the host galaxy light. The full GC candidate list contains four times more objects than the 90% sample and should therefore provide a more robust statistical result. We note that the radial color gradient in the NGC 4472 GC system is relatively modest (∆(B − R)/∆(r) = −0.010 ± 0.007 over the inner 8 ′ ; RZ01), so unless there are significant differences in the azimuthal distribution with GC subpopulation, the analysis of the full sample will provide a reasonably unbiased estimate. The spatial distribution of the full sample is shown in Figures 10 and 11 with the larger and smaller radial cuts, respectively. The larger radial cut provides a direct comparison to the 90% sample analysis while the smaller radial cut restricts the analysis over the region where we have reliable surface photometry (r∼480 ′′ ). For the r < 18 ′ radial cut, we find ǫ = 0.22 ± 0.07 and θ = −28 ± 14
• with an as-large-or-larger probability of only p = 0.26%. The r < 8 ′ radial cut analysis yields a similar solution but with larger uncertainties in the position angle: ǫ = 0.32 ± 0.07 and θ = −23 ± 40
• . The results for the GC system (ǫ∼0.2 − 0.3 and θ∼ − 25
• ) are in good agreement with the host galaxy light (see 4.2.1). Previous studies of NGC 4472's GC system have found differing results for the azimuthal distribution shape. Lee et al. (1998) and used 16 ′ ×16 ′ ground-based and WFPC2 HST imaging, respectively, to study the spatial structure of NGC 4472's GC system. Both studies found that the overall azimuthal distribution of GCs is slightly elliptical (similar to the galaxy light) and driven largely by a non-uniformly distributed metal-rich GC subpopulation; they found the metal-poor GC population to be spherically (i.e., circularly) distributed. In contrast, Park & Lee (2013) analyzed the ACSVCS data on NGC 4472 but found no significant ellipticity in either the metal-rich or metal-poor GC subpopulations. The varying radial coverage of the observations, in combination with the changing numbers of metal-rich and metal-poor GC subpopulations in the central regions, likely contributes to the different conclusions.
We show the mean B − R color and color gradients for the galaxy and GC populations for NGC 4472 in Figure 12 . A color gradient of ∆(B − R)/∆(r) = −0.010 ± 0.007 over the inner 8 ′ of the GC system was measured (RZ01). Using elliptical bins which match the host galaxy shape, we find ∆(B −R)/∆ log (r) = −0.13± 0.05 mag dex −1 (∆[Fe/H]/∆ log (r) = −0.38 ± 0.14) in the inner 8 ′ . We explored the possibility of individual GC subpopulation color gradients (see §4.1.2) but found no statistically significant gradients when dividing the GC candidates by subpopulation. For the galaxy light we found B − R gradients of ∆(B − R)/∆ log (r) = −0.02 ± 0.01 mag dex −1 over the full radial range of the surface photometry and ∆(B − R)/∆ log (r) = −0.04 ± 0.01 mag dex −1 over the inner r < 100 ′′ . The difference in the galaxy light and global GC system gradients is statistically significant at ∼9σ level.
The mean colors are only different at the ∼2.5σ level: on average the galaxy is more than 0.2 mag redder than the GC system (integrated color of < B − R >= 1.40 ± 0.09 for the galaxy; mean color of < B−R >= 1.18±0.01 ([Fe/H] = −1.33 ± 0.03) for the GC system). The mean colors of the blue and red GC subpopulations are B−R = 1.09 ± 0.02 and 1.39 ± 0.02, respectively. The red GC system peak shows good agreement with mean color of the galaxy light within the uncertainties.
NGC 5813
Galaxy Surface Photometry
For NGC 5813, the proximity of a V = 8 mag star (at 9.5 ′ in projection from the galaxy) limits our surface photometry analysis to only 200 ′′ from the galaxy center. Others have encountered similar problems, so no reliable surface photometry outside of ∼200 ′′ exists Table 5 .
in the literature (Mahdavi et al. 2005; Jeong et al. 2009; Falcón-Barroso et al. 2011 ). The V -band surface brightness, ellipticity, and position angle are shown as a function of geometric mean radius in Figure 13 . The data are listed in Table 5 . Our V -band surface photometry shows good agreement with the V -band imaging from Jeong et al. (2009) and g band Sloan imaging analyzed by Mahdavi et al. (2005) . The fit residuals ( Figure 13 ) indicate that the de Vaucouleurs profile is in excellent agreement over the full radial extent of the data. The reduced chi-squared value, however, is large (χ 2 /ν = 9.0), suggesting that we have underestimated our uncertainties in the surface brightness. The effective radius derived from the fit is r e = 90 ± 1 ′′ . A Sérsic fit to the data give a much larger effective radius of r e = 175 ± 15 ′′ with n = 5.7 ± 0.2 and a smaller reduced chi-squared value of χ 2 /ν = 5.8. Although the Sérsic profile gives a formally better statistical fit, the r 1/4 profile is in better agreement with the outermost isophotes. We note also that the larger r e from the Sérsic fit likely results from the high value of n and the degeneracy of these two parameters in the model.
Our derived values of the effective radius are larger than most estimates in the literature, which range from 39 ′′ (Michard & Marchal 1994) 
RC2 value of 44
′′ ) was necessary to fit the inner 100 ′′ of the data with an r 1/4 profile. We also find that a smaller effective radius of 40 − 60 ′′ provides a poor fit to the profile at all radii. We investigated the possibility that an underestimate of our sky background could produce a surface brightness profile that is consistent with r e ∼60 ′′ . Even with large adjustments to the sky background -well outside our estimated systematic uncertainties -we are unable to obtain a profile consistent with a significantly smaller effective radius.
We find that the isophotal ellipses become more flattened at larger radii and that the position angle changes smoothly by ∼10
• over the radial range of our data. Similar ellipticity and position angle profiles are seen in the surface photometry of Peletier et al. (1990) and Jeong et al. (2009) .
The BV R color profiles (see Table 5 ) are relatively flat and show less of a systematic deviation in the color at large radii compared to NGC 4406 and NGC 4472, although the radial extent of the data are significantly smaller for NGC 5813. Using a weighted least-squares linear fit, we find a color gradient of ∆(B−R)/∆ log (r) = −0.04 ± 0.01 mag dex −1 . This is in good agreement with the results from Peletier et al. (1990) , who find a gradient of −0.05 ± 0.02 mag dex −1 , but is shallower than the results from Michard (1999) and Idiart et al. (2002) who find −0.10 and −0.07 mag dex −1 , respectively.
Globular Cluster System
The corrected radial surface density profile for the NGC 5813 GC system from HR12 is shown in Figure 14 . We measured a radial extent of ∼ 13 ′ (∼ 120 kpc) for the GC system and a total number of GCs of 2900±400. The de Vaucouleurs law fit to the GC system profile yields a theoretical effective radius of r e(GC) = 5.0 ± 1.0 ′ (47 ± 9 kpc) with a reduced chi-squared of χ 2 /ν = 0.33. This galaxy is similar to NGC 4406 in terms of its properties and the number of GCs it hosts. Even so, the r 1/4 slope of the NGC 5813 GC system is significantly steeper (−2.23 ± 0.09) compared to that of NGC 4406's GC system (−1.58 ± 0.06). This results in a smaller theoretical effective radius compared to NGC 4406, which is still likely an overestimate given the assumptions of the de Vaucouleurs law fits. We find an empirical effective radius for the GC system of r e(GC) = 3.6 ′ (34 kpc). A Sérsic fit to the GC radial profile give an effective radius in good agreement with this measurement. We find r e(GC) = 3.9 ± 0.3 ′ and n = 2.5 ± 0.8 with a reduced chi-squared value of χ 2 /ν = 0.31. The spatial positions of the 809 GC candidates in the 90% sample of NGC 5813 are shown in Figure 15 . Although there are numerous masked regions on the image, they constitute a relatively small total area and therefore we are able to study the azimuthal distribution over the full radial extent of the GC system. We used a series of Monte Carlo simulations (with and without the masked regions in place) and found no significant bias in ellipticity or position angle caused by the presence of the masks.
The method of moments yields an elliptical spatial distribution with ǫ = 0.42 ± 0.08 and θ = −59 ± 13 derived from N = 410 objects within r < 13 ′ (the approximate radial extent of the GC system). The likelihood of obtaining an ellipticity as large or larger than the measured value is only p = 0.67%. If we split the GC population into blue and red subpopulations, the method of moments does not give a statistically significant result for either subpopulation over the r < 13 region. The lower number of GC candidates in the subpopulations spread over a large area likely contributes to this result, since the total GC population clearly shows a non-circular projected shape.
We also wish to investigate the azimuthal distribution over a similar radial extent to that of NGC 4406 where we found a significant 2D shape in both GC subpopulations. For NGC 5813, this correponds to ∼ 6 ′ , which is also the region over which we found a GC system color gradient (HR12). We find ǫ = 0.47 ± 0.08 and θ = −40 ± 9 for the N = 275 GCs within this radius (see Figure 16) , which is consistent with the azimuthal distribution results over the full radial extent. The likelihood that an ellipticity as larger or larger than this result could arise by chance is only p = 0.05%. Splitting the GC sample into red and blue subpopulations, we find that both spatial distributions show a non-circular shape consistent with the full r < 6 ′ sample, although at a lower significance level. For the blue subpopulation, we find ǫ = 0.52 ± 0.15 and θ = −38 ± 19 (N = 159 objects within r < 6 ′ ) with the probability that an ellipticity this large or larger could arise by chance from a circular distribution of p = 1%. For the red subpopulation, we find ǫ = 0.36 ± 0.11 and θ = −55 ± 11 (N = 116 objects within r < 6 ′ ) with the probability that an ellipticity this large or larger could Figure 15 . Results of the azimuthal distribution analysis for NGC 5813. The positions of the 90% sample of 809 GC candidates are shown with respect to the galaxy center (red cross). The outer dashed circle denotes the radial extent of the GC system (r ∼ 13 ′ ) and is the full extent over which we probe the GC system shape. The red ellipse shows the GC system ellipticity (ǫ = 0.42 ± 0.08) and position angle (θ = −59 ± 13) as determined by the method of moments. The masked regions of the image are shaded. arise by chance of p = 10%. Figures 17 and 18 show the blue and red spatial distributions with the azimuthal distribution solutions, respectively. We do not consider the shape differences between the subpopulations to be significant given the resulting uncertainties.
We also explored the 2D shape of the GC system over the radius for which we measured the galaxy light. Our surface photometry for NGC 5813 extends to only ∼2 ′ (see §4.3.1), so we applied the method of moments algorithm to the N = 99 objects in the 90% sample within 2 ′ . We found a non-uniform shape of ǫ = 0.57 ± 0.22 and θ = −29 ± 29 • , with a probability of obtaining an ellipticity this larger or larger by chance of p = 4%. Although this result suggests that the inner regions of the GC system have a similar ellipticity and position angle to the r < 6 ′ sample, the smaller number of objects in this region yields large uncertainties.
Because the azimuthal distribution analysis suggests a slightly higher ellipticity for NGC 5813's GC compared to the host galaxy light, we explored the likelihood that a spatial distribution of GCs that matches the host galaxy light would give the measured values found for our data. We generated 10,000 simulated GC system spatial distributions with ǫ = 0.3 and θ = −50 as per the results of the NGC 5813 surface photometry. For the region r < 6 ′ , we find that the method of moments will return a solution with ǫ ≥ 0.47 approximately 10% of the time. So, although the GC system ellipticity results for the r < 6 ′ sample are larger than the galaxy (albeit measured at different radii), we cannot strongly exclude the possibility that the GC system and host galaxy share a comparable shape.
In summary, our analysis shows that the GC system of NGC 5813 has a projected 2D shape with an ellipticity and position angle consistent with the host galaxy. The GC population shows a high probability of being noncircular over both the full radial extent (r < 13 ′ ) and the spatial region of the color gradient (r < 6 ′ ). The red and blue GC subpopulations also have non-circular projected shapes, but at a smaller level of statistical significance.
The B − R versus radius profiles for the GC system and galaxy light for NGC 5813 are shown in Figure 19 . We previously found a color gradient in the inner 6 ′ of the GC system of ∆(B − R)/∆(r) = −0.018 ± 0.006 mag arcmin −1 (HR12). The weighted linear leastsquares fit to the elliptically binned B − R GC profile gives a gradient of ∆(B − R)/∆ log (r) = −0.12 ± 0.03 mag dex −1 (∆[Fe/H]/∆ log (r) = −0.36 ± 0.10) over the inner r < 6 ′ . Comparing the global GC system gradient to the galaxy light (∆(B − R)/∆ log (r) = −0.04 ± 0.01 mag dex −1 ; see §4.3.1), we find a larger GC system radial gradient but only at the ∼2σ significance level. Our analysis of the GC subpopulation color gradients show no statistically significant gradients (over any radial ranges) in the individual blue or red GC populations.
As with the other three galaxies in our study, we find that the mean B − R color of the galaxy is ∼0.3 redder than the GC system (B − R = 1.50 ± 0.04 for the galaxy; B − R = 1.202 ± 0.008; [Fe/H] = −1.27 ± 0.02 for the GC system). For the GC system subpopulations, we find color distribution peaks at B − R = 1.16 ± 0.01 (blue) and B − R = 1.47 ± 0.03 (red). The mean color of the red GCs and the host galaxy are offset by only ∼0.03, a negligible difference within the errors.
NGC 4594
The Sombrero galaxy (NGC 4594, M104) has been classified as an Sa galaxy due to its prominent disk and dust lane (de Vaucouleurs et al. 1991) . However, the luminous bulge (bulge-to-total ratio of 0.86; Kent 1988 ) is more characteristic of lenticular galaxies (that is, intermediate to ellipticals and spirals). Also, the galaxy has a B − V color of 0.84 (RC3; de Vaucouleurs et al. 1991) , consistent with observations of other S0 galaxies (Roberts & Haynes 1994) . In addition, the galaxy hosts a large number of GCs (1900 ± 200; RZ04) and has a V -band normalized specific frequency of S N = 2.1 ± 0.3, a value which is more characteristic of giant elliptical galaxies than spirals (weighted means of S N = 1.8 ± 0.1 for ellipticals, S N = 0.6 ± 0.1 for spirals; see HR12). RZ04 therefore classify NGC 4594 as an S0 galaxy for the purposes of our GC system survey.
Galaxy Surface Photometry
We fitted isophotal ellipses to the masked image from a semi-major axis of 78 ′′ (r = 59 ′′ ) to 433 ′′ (R = 420 ′′ ) and the results are shown in Figure 20 . The data are listed in Table 6 . The bleed trail from the saturated galaxy center limits our ability to probe the regions inward of ∼70
′′ . The dust lane shows a projected radius of Table 6 .
at least r∼184 ′′ , so inside this radius our isophotes overlap the galaxy disk. Comparing our results to the V -band surface photometry of NGC 4594 from the SINGS survey (Kennicutt et al. 2003; Muñoz-Mateos et al. 2009 ), we find excellent agreement between the data sets, with overall differences of < 0.1 mag/arcsec 2 . The galaxy light is well fit by an r 1/4 law over the full radial extent of our measurements. In addition, the low reduced chi-square value (χ 2 /ν = 0.41) indicates that we may have overestimated our uncertainties. The profile fits give an effective radius of r e = 89 ± 2 ′′ , larger than the RC3 value of 72 Vaucouleurs et al. 1991) . In the region containing the galaxy disk (r < 184 ′′ ), we find no significant deviations from the de Vaucouleurs profile. This suggests that the bulge light dominates the profile in the inner regions, as expected given the large bulge-to-disk ratio. A Sérsic fit to the surface brightness profile is in excellent agreement with r 1/4 law fit: we find r e = 85 ± 5 ′′ and n = 4.7 ± 0.5 with a reduced chi-squared value of χ 2 /ν = 0.24. Our surface photometry shows a smooth decrease in the ellipticity with increasing radius and a position angle that is nearly constant (aligned with the galaxy disk) at all radii.
The increasing circularity of the isophotes is also seen in the optical and near-infrared (3.6µ) surface photometry of Burkhead (1986) and Gadotti & Sánchez-Janssen (2012) , respectively. The position angle measurements show some evidence of a slight variation with increasing radius (a change of a few degrees over ∼350 ′ ), consistent with the Gadotti & Sánchez-Janssen (2012) observations.
As with the three giant ellipticals in our study, the BV R color profiles for NGC 4594 (see Table 6 ) are relatively flat in all colors but show systematic deviations in the outer regions (r 250 − 300 ′′ ) presumably due to the uncertainties in the sky background subtraction. A weighted linear least-squares fit yields a B − R color gradient of ∆(B − R)/∆ log (r) = −0.04 ± 0.02 mag dex −1 . We constructed the B − R profile from the SINGS surface photometry (Muñoz-Mateos et al. 2009 ) and found a similar result (∆(B − R)/∆ log (r) = −0.06 ± 0.01 mag dex −1 ). We also compared our color gradient to the Local Volume Legacy Survey (LVL; Lee et al. 2008) imaging of the galaxy (L. van Zee, private communication). The LVL data show a significantly steeper gradient of ∆(B−R)/∆ log (r) = −0.30±0.01 mag dex −1 over the same radial region as our data due to redder colors of their isophotes at smaller radii. Similarly, the HST/ACS imaging of the Sombrero galaxy analyzed by Spitler et al. (2006) (BV R equivalent filters) shows a strong color gradient of ∆(B − R)/∆ log (r)∼ − 0.35 mag dex −1 in the inner 1 ′ − 3 ′ (see their Figure 17 ).
Globular Cluster System
RZ04 measured a GC system radial extent of ∼19 ′ and total number of GCs of 1900 ± 200 for NGC 4594. The final, corrected radial surface density profile for the GC system (derived using our modifed GC candidate list) and the V -band surface brightness profile (see §4.4.1) Figure 22 . The positions of the 90% sample of 1285 GC candidates in NGC 4594 are shown with respect to the galaxy center (red cross). The outer dashed circle denotes the radial extent of the GC system over which we are able to study the azimuthal distribution (r ∼ 17 ′ ). The inner dashed circle shows the r = 7.2 ′ radius over which we explored the azimuthal distribution of the red and blue subpopulations (see Figures 23 and 24, respectively) . We find no statistically significant shape to the 2D distribution compared to a uniform circular distribution over either radius. The masked regions of the image are shaded. In the lower left we list the host galaxy effective radius re and physical distance (in kpc) in terms of arcminutes on the image.
are shown in Figure 21 . The GC population extends to almost 13 r e (∼54) kpc. The de Vaucouleurs law fit to the GC radial profile gives a theoretical effective radius of r e(GC) = 9.1 ± 1.0 ′ (25.8 ± 2.8 kpc) with a reduced chi-square value of χ 2 /ν = 0.74. We find an empirical effective radius of r e(GC) = 4.3 ′ (12 kpc). A Sérsic fit to the GC radial profile gives an effective radius of r e(GC) = 5.9 ± 0.4 ′ with n = 1.9 ± 0.3 and a reduced chi-square value of χ 2 /ν = 1.0. Although the effective radius derived from the Sérsic profile is in better agreement with our empirical measurement, the r 1/4 law is statistically a slightly better model.
The spatial positions of the 1286 GC candidates in the 90% color-complete sample for NGC 4594 are shown in Figure 22 . The outermost circular annulus which does not lie off the frame is at 17 ′ . We find a 2D distribution that is consistent with our azimuthally uniform simulations over the r < 17 ′ radial extent: ǫ = 0.14 ± 0.06 and position angle θ = 20 ± 51
• with an as-large-orlarger probability of p = 20%. We applied the method of moments over a series of radial cuts ranging from ∼3 ′ − 7 ′ . The results were similar in all cases: the resulting likelihoods (of obtaining distributions with ellipticities as larger or larger than measured by-chance from azimuthally isotropic distributions) are greater than 25%. In their photographic study of NGC 4594, Harris et al. (1984) also did not detect a significant ellipticity in the GC system of NGC 4594.
Although no significant non-zero ellipticity was de- The outer dashed circle denotes the radial extent of the GC system over which we are able to study the azimuthal distribution (r ∼ 17 ′ ). The inner dashed circle shows the r = 7.2 ′ radius over which we explored the azimuthal distribution of the GC subpopulations. We find no statistically significant ellipticity (compared to an azimuthally uniform distribution) in the 2D spatial distribution of the blue subpopulation. The masked regions of the image are shaded. In the lower left we list the host galaxy effective radius re and physical distance (in kpc) in terms of arcminutes on the image.
tected, we analyzed the GC subpopulations to explore the possiblity of projected 2D substructure. RZ04 found a modest color gradient of ∆(B − R)/∆(r) = −0.003 ± 0.001 mag arcmin −1 in the N4594 GC population that extends over the full radial extent of the system (r∼19 ′ ). The color gradient is caused by the changing fraction of of red and blue clusters with radius due to the stronger central concentration of red GCs (compare Figures 23  and 24) . We chose the r = 7.2 ′ radius to explore the GC subpopulations given that the radially-dependent contamination fraction is < 20% inwards of 7.2 ′ . For the full 90% sample, we find that the measured ellipticity is not statistically significant (ǫ = 0.1±0.08, θ = −72±44), since the probability of obtaining an ellipticity as larger or larger than measured by chance is p = 54%. We find similar results for the red and blue subpopulations over this radius.
Lastly, we used a series of Monte Carlo simulations to estimate an upper limit on the GC system ellipticity. The number of GC candidates in NGC 4594 is relatively large, so we expect that if the GC system of NGC 4594 was significantly more elliptical (intrinsically), it would be unlikely that we would measure values of ǫ near zero. That is, the large number of GC candidates should allow us to "resolve" even a modestly elliptical GC system. For ellipticities of ǫ = 0.2, 0.3, we generated 10,000 simulated GC systems (each) and determined the frequency with which we would observe the measured value of ǫ = 0.14, 0.10 or smaller. We considered both the r < 17 ′ and r < 7.2 ′ Figure 24 . The positions of the 490 red GC candidates in NGC 4594 are shown with respect to the galaxy center (black cross). The outer dashed circle denotes the radial extent of the GC system over which we are able to study the azimuthal distribution (r ∼ 17 ′ ). The inner dashed circle shows the r = 7.2 ′ radius over which we explored the azimuthal distribution of the GC subpopulations. We find no statistically significant ellipticity (compared to an azimuthally uniform distribution) in the 2D spatial distribution of the red subpopulation. The masked regions of the image are shaded. In the lower left we list the host galaxy effective radius re and physical distance (in kpc) in terms of arcminutes on the image.
radial cuts in our analysis. For the ǫ = 0.2 simulations, the measured values of ǫ occur relatively frequently (of order ∼10%). For the ǫ = 0.3 simulations, the measured values (or smaller) occur less than 1.4% of the time. This sets a reasonable upper limit: if the NGC 4594 GC system was as elliptical as ǫ∼0.3, we would have a ∼98.6% likelihood of measuring an ellipticity larger than ǫ∼0.1. To summarize, over the explored radial extent of the GC system of NGC 4594 we see no strong evidence for a spatial distribution that is inconsistent with a uniform circular distribution. The galaxy light becomes significantly more circular at larger radii, so in broad terms the GC system and galaxy show similar results. However, near the galaxy center the bulk starlight of the galaxy becomes more flattened, reaching an ellipticity of ∼0.4 in the inner r 100 ′′ and so we wish to investigate any possible shape to the GC system in this inner region. Our Mosaic observations probe quite close to the central region of the galaxy (innermost GC candidates at a radial distance of only ∼25 ′′ ), so we are not limited in studying the shape of the inner regions of the GC system by the inward radial extent of our observations. In fact, comparing our GC candidate positions to those of Spitler et al. (2006;  from HST ACS imaging) shows that space-based, high resolution imaging does not provide significantly better inward radial coverage (i.e., close to the galaxy disk) than the ground based Mosaic imaging (see Figure 25) . Thus the limiting factor in analyzing the shape of the central regions is the presence of the galaxy disk. The positions of the innermost GC candi- (2006) and Rhode & Zepf (2004) , respectively, shown as green points on the galaxy light subtracted V band Mosaic image. A radius of 3 ′ is shown as the red circle. The Mosaic imaging detects GCs nearly as close to the galaxy disk as the HST imaging. Although the HST imaging is deeper, the radial surface density profiles for both data sets agree (Spitler et al. 2006) . Note that neither data set shows significant flattening of the GC system within 3 ′ from a simple "by-eye" investigation.
dates (r < 3 ′ ) in both the HST and Mosaic imaging show no obvious flattening of the GC system from a simple "by-eye" examination in either the total GC population or the metal-rich and metal-poor subpopulations. Figure 26 show the B − R color profiles for the GC system and galaxy light for NGC 4594. As noted above, RZ04 found a small B − R color gradient over the full 19 ′ radial extent of the GC system. Using our modified 90% color-complete sample, we f ind a slightly steeper gradient of ∆(B − R)/∆(r) = −0.005 ± 0.001 mag arcmin −1 due to the addition of red GC candidates close to the galaxy center. A weighted linear least-squares fit to the elliptically binned data gives a slope of ∆(B − R)/∆ log (r) = −0.13 ± 0.04 mag dex −1 (∆[Fe/H]/∆ log (r) = −0.37 ± 0.12) over the 19 ′ radial extent. Although the GC system shows a steeper gradient relative to the galaxy (∆(B − R)/∆ log (r) = −0.04 ± 0.02 mag dex −1 ), the difference is only significant at the ∼2σ level.
In addition to the overall GC color gradient (resulting from the changing mix of red and blue GCs), we find evidence of statistically significant color gradients in the individual GC subpopulations of NGC 4594. We divided the 90% color-complete sample of GCs into red or blue subpopulations using the KMM results from RZ04, who found a subpopulation split at B − R = 1.3. We then computed the mean GC color and standard error on the mean in linearly spaced circular radial bins for each subpopulation. The radially binned data were then fit as a function of log (r) using Equation 3.
The B −R GC color profile and log(r) fits are shown in Figure 27 . Within the inner 7 ′ of the blue GC subpopulation, we find a slope of ∆(B − R)/∆ log (r) = −0.06 ± 0.01 mag dex 0.04) over the same inner radial range. We explored the sensitivity of these results to the choice of bin shape (elliptical vs. circular) and bin spacings (linear vs. logarithmic) . In all case the gradients were statistically significant at the 3σ level or greater. For both subpopulations, we find no statistically significant gradient outside of r ∼ 7 ′ . We note that contamination is unlikely to have conspired to create the subpopulation gradients since contamination fraction is less than 20% within 7 ′ (RZ04). We discuss the implications of GC subpopulation gradients for galaxy formation scenarios in §5.1.
Comparing the mean colors of the galaxy and GC system show a statistically significant difference. We find an integrated color of NGC 4594 of B −R = 1.55±0.09 compared to a mean GC system color of B−R = 1.258±0.006 ([Fe/H] = −1.10 ± 0.02), a difference of almost 0.3 mag. The mean colors of the blue and red GC subpopulations are B − R = 1.13 ± 0.01 and B − R = 1.46 ± 0.01, respectively. The difference between the color of the red GC system peak and the host galaxy mean color (∼0.09 mag) is not statistically significant given the large error on the integrated color of the galaxy. In this paper we present a comparison of the spatial distributions (radial and azimuthal) and color profiles of the GC systems of four giant galaxies to those of their host galaxies. The main results are summarized in Table 2. We focus most of our discussion below on the azimuthal distribution results. For completeness we also summarize our color profile and mean color results and include a discussion of key points from the literature, as the cause of the galaxy and GC system mean color offsets is currently being debated.
Colors of GC Systems and their Host Galaxies
Comparing the global mean colors and color gradients of the GC systems to their host galaxies, we find that (i) the mean colors of the GC systems are ∼0.3 mag bluer than their host galaxies and (ii) that the global color gradients in GC systems are slightly steeper (e.g., more negative, i.e., bluer colors with increasing radius) than the color gradients in their host galaxies. Both results are consistent with a number of previous galaxy/GC system comparisons in the literature (for mean color offsets see Harris et al. 1991 , Ostrov et al. 1993 , Peng et al. 2006 ; for color gradient comparisons see Liu et al. 2011) . While the first result is found at a high level of statistical significance, the larger uncertainties in the gradients mean the latter result is only significant at the ∼2σ level.
When examining the individual metal-rich and metalpoor GC subpopulation colors, we find that the ∼ 0.3 mag offset between the global GC system and integrated host galaxy colors is largely due to the presence of the blue (metal-poor) subpopulation. Although this may be a first-order cause for these differences, recent work suggests the GC subpopulation color/host galaxy color offsets may be more complicated. Goudfrooij & Kruijssen (2013) compared the mean colors of the metal-rich GC subpopulation in seven giant ellipticals to the host galaxy color profile. They found that the host galaxies are redder by a (statistically significant) ∼0.1 − 0.2 mag (in g − z or B − I) but that the luminosity-weighted ages and metallicities (as measured from spectroscopic Lick indices) of the galaxy and GC systems are consistent. Peng et al. (2006) also noted the color difference between the host galaxies and their GC systems in their study of the ACSVCS galaxies, as did Spitler (2010) , who studied the offset in the context of the galaxy bulge/metalrich GC connection. We find offsets of ∼0.1 mag in two of our four galaxies (NGC 4406 and NGC 4594) , but the result is only statistically significant for NGC 4406. Goudfrooij & Kruijssen (2013) argue that the observed color offset can be explained by a bottom-heavy (steep) initial mass function (IMF) and the dynamical evolution of the metal-rich clusters. Chung et al. (2013) present an alternative explanation of the observations in terms of the multiple generations of stars in GCs. Chung et al. (2013) use stellar population synthesis models to show that the enhanced helium in the second generation stars (which are assumed to form within a few hundred Myr of the first generation; Gratton et al. 2012) can cause the color offsets via contributions from blue horizontal branch stars without differences in the IMF. Additional work, both observationally and theoretically, will be necessary to understand the origin of the mean color offsets between galaxies and their GC systems.
We also explored the presence of color gradients in the individual GC subpopulations. Only NGC 4594 shows evidence of a statistically significant gradient, which is found in both GC subpopulations (with similar magnitudes of ∆(Fe/H)/∆ log (r) ∼ −0.17 ± 0.04) over the inner ∼ 7 ′ (∼ 5r e ; ∼ 20 kpc). At larger radii the GC system colors remain relatively constant and we find no evidence of a radial gradient. Forbes et al. (2011) found a similar result from their wide-field imaging of the massive elliptical NGC 1407. Here, both the metalrich and metal-poor subpopulations show similar gradients of ∆(Fe/H)/∆ log (r) ∼ −0.40 ± 0.06 over the inner ∼ 5 − 9r e (∼ 40 − 70 kpc), but no gradient is detected at larger radii. Radial color gradients in both GC subpopulations have also been observed in the S0 galaxy NGC 3115 (Arnold et al. 2011) , the giant cD elliptical M87 (Harris 2009b , but see Strader et al. 2011 , and the Milky Way (Harris 2001) . Forbes et al. (2011) argue that the break in the color gradients are qualitative evidence of the "two phase" formation scenario for early-type galaxy formation (see §1).
The results for NGC 4594 may be consistent with this picture. On the other hand, few wide-field GC system imaging studies have had subpopulation gradient analyses. Furthermore, other studies examining GC system radial trends have found evidence for subpopulation gradients only in stacks of GC population color profiles (Harris 2009a; Liu et al. 2011) . Additional wide-field imaging studies of GC populations, for a large number of galaxies, will be important in assessing the prevalence of GC radial subpopulation gradients in early-type galaxies (e.g. 
Brodie et al. 2014).
5.2. GC and Galaxy Azimuthal Distributions Our analysis of the azimuthal distribution of the GC systems of the giant galaxies shows some commonalities between systems. For two giant ellipticals (NGC 4406 and NGC 5813), we find that the GC systems show an elliptical projected spatial distribution that is consistent with that of the host galaxy light. For NGC 4472, the low numbers of GC candidates in the 90% color-complete subsample gave inconclusive azimuthal distribution analysis results. In addition to the analysis of the total GC population, we also examine the azimuthal distributions of the metal-rich (red) and metal-poor (blue) GC subpopulations in each galaxy. For NGC 4406, we find that both the blue and red GC subpopulations show a statistically significant elliptical azimuthal distribution with measured ellipticities and position angles that are consistent with the host galaxy light. For NGC 5813, we find that the blue and red GC subpopulations have an elliptical spatial distribution, but the smaller number of GC candidates in the subpopulations results in larger uncertainties in the shape parameters and a smaller overall statistical significance (∼2σ versus 3σ for NGC 4406) of non-circularity.
For NGC 4594, we do not detect an elliptical distribution that is significantly different from circular over the full radial extent of the GC system nor in the inner regions of the galaxy surrounding the disk. This result holds for our analysis of the red and blue subpopulations as well. The circular shape of the GC system is in contrast to the galaxy light which becomes as flattened as ǫ = 0.4 in the inner regions while becoming circular at large radii. In this sense there is broad agreement between the projected shapes of the GC system and the galaxy halo light at large radii in NGC 4594. However, if the shapes of the GC system and the galaxy were strongly coupled in NGC 4594 (as they appear to be in the giant ellipticals), one might expect to observe a more significant flattening of the GC system (or at least one of the GC subpopulations) in the inner regions.
Comparisons with Galaxy Formation Scenarios
The similarities of the projected shapes of the GC systems and their host galaxies in the two ellipticals in our sample may give insights into the formation history of the systems. To first order, these similarities may suggest a common dynamical origin for the ellipticities of the GC systems and their host galaxies. The agreement between the projected shapes may imply that the formation and evolutionary processes that produce the nonspherical shape of giant ellipticals may also cause the elliptical shape of the GC system. Kissler-Patig et al. (1996) also noted this possible connection in their study of the ellipticity of the GC system of NGC 720.
It is well established that the shapes of luminous ellipticals are caused not by flattening due to rotation (like lower-luminosity ellipticals; ) but by velocity anisotropy (see Binney & Tremaine 2008 and references therein) . Velocity anisotropy arises from the rapidly changing gravitational potential and resulting violent re-laxation of the system, as is demonstrated in both collapse simulations of clumpy, spherical distributions of stars (van Albada 1982; Binney & Tremaine 2008) and simulations of galaxy mergers (Naab & Burkert 2003; Hilz et al. 2012) . The effect of large-scale dynamical processes during E/S0 galaxy formation on the observed spatial properties of galaxy GC systems was explored using numerical simulations by Bekki et al. (2005) and may provide insights into the kinematic origin of GC system azimuthal distributions.
Bekki et al. ran a series of N -body simulations that are qualitatively similar to the major merger GC scenario model proposed by Ashman & Zepf (1992) , although as we discuss below, Bekki et al. did not include dissipative processes. The GC systems of the progenitor spirals were chosen to match the observed spatial distribution of the Milky Way GC system and included both the metal-rich and metal-poor subpopulations. In addition, the total number of GCs in the simulations was held constant, since star formation and GC destruction models are not included in the simulations. Bekki et al. find that the both the stars and GC systems in the merger remnants show nearly identical, modestly flattened spatial distributions. In their fiducial model (two equal-mass galaxies) they find ǫ = 0.18 for the galaxy and ǫ = 0.22 for the GC system, although they note that the difference in ǫ is insignificant outside of 1 r e . The projected shapes of both GC subpopulations are also elliptical, and show similar flattening to each other. The resulting position angles of the GC system and host galaxy remnant are nearly aligned (differences of < 10
• ). The position angles of the individual GC subpopulations are also coincident with the host galaxy light.
In a qualitative sense, these simulations are in good agreement with the observations of the NGC 4406 GC system and host galaxy light. However, the Bekki et al. simulations do not include new star or GC formation (i.e. a dissipational gaseous component) nor a model for GC destruction. If we consider the influence of star formation via gas dissipation in particular, simulations have shown that the inclusion or exclusion of dissipative processes significantly changes the observed properties of merger remnants. For example, Cox et al. (2006) showed that disk-disk merger remnants, in which gas dissipation and star formation are included, have more isotropic velocity distributions than remnants formed in mergers without dissipation. The degree to which dissipative processes influence the properties of a galaxy's GC system will require more detailed simulations. Ideally such modeling would be done in a cosmological context which considers GC formation, destruction, and dissipative gas physics.
Another interesting result from the azimuthal distribution analysis of NGC 4406 and NGC 5813 is that both the metal-rich (red) and metal-poor (blue) subpopulations have similar ellipticities and position angles. This implies that the physical processes that gave rise to the non-spherical spatial distributions were not (somehow) limited to one subpopulation. Observations of the radial distributions of GC subpopulations, however, have shown differences in their spatial distributions; the metal-rich GCs are sometimes more centrally concentrated than the metal-poor GCs in giant ellipticals (see Figure 21 in HR12 for NGC 5813; Brodie & Strader 2006 and references therein). Comparisons also sometimes show that the radial surface density profile of the metalrich population follows the host galaxy surface brightness in the inner regions (e.g., Strader et al. 2011) . The broad interpretation of these latter observations is that the metal-rich GC population formed in the dissipational processes that built up the bulk starlight of the host galaxy (Brodie & Strader 2006) . As Brodie & Strader (2006) note, if the connection between red GCs and the host galaxy light is strong, one might also expect the azimuthal distribution to match the host galaxy as well, while the metal-poor population will have a spatial distribution which reflects the earliest stages of galaxy formation. While we do see this coincidence between the red GC/host galaxy azimuthal distributions in NGC 4406 (and at a smaller significance level in NGC 5813), the blue subpopulation shape is also consistent with the shape of the host galaxy light. So, despite the fact that the metalpoor nature of the blue subpopulation implies that they formed from gas with a different chemical enrichment from the red GC population, the similar azimuthal distribution to both the host galaxy and the red GCs suggests they share a common history.
In addition to the two galaxies studied here, we note that many other giant galaxies show evidence of a metalpoor GC population with an elliptical spatial distribution consistent with (or more elliptical than) the host galaxy light, including M87 , NGC 1316 (Richtler et al. 2012) , NGC 2768 (Kartha et al. 2014) , NGC 4635 (Blom et al. 2012) , NGC 4636 (Dirsch et al. 2005) , and a number of early-type Virgo galaxies studied by Park & Lee (2013) . Although many galaxies do not show this trend (e.g., NGC 720, NGC 1023, NGC 4649; Kartha et al. 2014) , it is clear that elliptical spatial distributions of metal-poor GC populations are not uncommon among giant early-type galaxies.
How do the observations of non-spherical GC subpopulation spatial distributions fit in the context of proposed galaxy/GC formation scenarios? In models where blue GCs form in more chaotic/accretion processes, the implication is that the resulting spatial distribution should be spherical. This connection is consistent with observational studies of the MW metal-poor GC population, where Zinn (1985) noted their spherical spatial distribution and where subsequent work has shown that the outer halo metal-poor GCs likely have an accretion origin (e.g., Zinn 1993; Mackey & Gilmore 2004; Forbes & Bridges 2010; Dotter et al. 2011; Keller et al. 2012 ). This accretion+spherical spatial distribution picture for the blue GC population was also proposed by Forbes et al. (1997) in their multi-phase dissipational collapse model for GC bimodality in giant ellipticals. We note that the observations of the blue GC populations in NGC 4406, NGC 5813 (although at a smaller level of significance), and other giant galaxies (see above) disagree with this model prediction, although the metal-rich GC populations do indeed follow the azimuthal distribution of the host galaxy light in these galaxies. The collapse plus accretion model of Côte et al. (1998) , however, makes no specific predictions for the GC subpopulation azimuthal distributions.
The expectations for the projected spatial distribution of GC populations in a "two-phase" galaxy formation model (see §1) are less well understood, as current N -body + hydrodynamical simulations of this specific scenario do not include GC formation and destruction. Further complicating the picture, at a qualitative level, both in-situ and accretion scenarios might be able to explain the azimuthal distribution of metal-poor GCs in some giant ellipticals. Wang et al. (2013) suggest that, because merging/accretion may occur along preferential directions (i.e., along local filamentary structures), this may explain the alignment of the blue GCs with the host galaxy. This picture might be consistent with the results of cosmologically-motivated dark matter plus baryon simulations -both of massive central + satellite galaxies (Dong et al. 2014 ) and late-type galaxies + satellite dwarf galaxies (Deason et al. 2011 ). On both simulation scales, the satellites were found to be spatially anisotropic and aligned with either the massive central galaxy (Dong et al. 2014) or the outer dark matter halo (Deason et al. 2011) . Simulations which can probe lower mass satellites around massive galaxies will be necessary to explore whether such alignments are expected in GC populations.
On the other hand, Brodie et al. (2014) suggest that a significant population of metal-poor GCs may have formed in-situ with the host galaxy rather than "cosmologically" at z ∼ 9 − 13. This picture synthesizes a number of observations related to GC ages, the orbits of blue GCs from kinematic studies, and the evidence for both inner and outer metal-poor halo components in the MW and other giant galaxies (Brodie et al. 2014) . In this scenario, both metal-poor and metal-rich GCs form early and in situ in major bursts of star formation. This "dual in situ" model may also explain the similar azimuthal distributions of blue and red GCs in giant ellipticals like NGC 4406, if indeed the major dynamical processes of galaxy formation (e.g., violent relaxation, velocity anisotropy) influence the resulting projected shape of a galaxy's GC system.
Comparisons with GC System Kinematics
The kinematic analysis of a galaxy's GC system, as derived from follow-up spectroscopy and modeling, should provide additional insights into the possible connection between the projected spatial distribution of GCs and their formation history. In recent years the number of giant galaxies for which follow-up, large sample (N GC 100) GC spectroscopy exists has rapidly increased (see Brodie et al. 2014 for a recent review), although for many of these galaxies no study of the GC azimuthal distributions has been done. Two galaxies in our survey, NGC 4594 and NGC 7457, have published GC kinematic studies, so we can make direct comparisons of the azimuthal distributions to the kinematic data.
Our analysis of the GC system of NGC 4594 does not show statistically-significant evidence for a flattened spatial distribution (see §4.4.2). Analyses of the red and blue GC subpopulations individually also do not show a statistically significant difference from a projected spherical distribution. The kinematics of NGC 4594's GC system have recently been studied by Dowell et al. (2014) who use a sample of ∼360 spectroscopically-confirmed GCs to study the galaxy mass profile, mass-to-light ratio profile, and rotation of the GC system out to ∼41 kpc (∼15 ′ = 9 r e ). These authors find no evidence of significant rotation in the total GC system out to large radius; the same holds true for the red and blue subpopulations. This is consistent with the previous kinematic study of 108 GC velocities in NGC 4594 by Bridges et al. (2007) , who argue that the lack of observed rotation may be evidence that angular momentum has been transported outward from the system via mergers. Bridges et al. (2007) also note that the lack of rotation in the GC system is in contrast to the stars and gas, which show significant amounts of rotation in the inner ∼3 ′ (9 kpc). These kinematic differences between the GC system and stellar light may also be linked to the differences observed in the projected (2D) spatial distributions. The inner 3
′ of the galaxy light shows evidence of a large ellipticity and significant rotation while the GC population shows little rotation or spatial flattening.
For the lower luminosity S0 galaxy NGC 7457, we found evidence of a highly flattened GC system (ǫ = 0.66 ± 0.14; H11) which is broadly consistent with the ellipticity profile of the host galaxy starlight (mean ellipticity ofǭ∼0.46 between 0.3 ′ and 2.3 ′ ). Follow-up spectroscopy of GC candidates was presented by Pota et al. (2013) , who analyzed the kinematics of 27 confirmed GC candidates (the WIYN GC candidates from H11 and an HST study by Chomiuk et al. 2008 ) to 2 r e and found evidence of a strongly rotating GC system. At more than one effective radius in NGC 7457, the rotation curve of the GC population remains flat at ∼80 km/s, while the velocity dispersion is low at 50 km/s. In addition, these GC kinematics are consistent with the galaxy dynamics from analyses of both long-slit spectra and integral field unit data (Pota et al. 2013) . Comparing these kinematic results with the azimuthal distribution and galaxy ellipticity profiles, we find good agreement between the galaxy and GC systems: both components show significant spatial flattening and rotation. Due to the small numbers in the GC kinematic sample and the lack of observed color bimodality (see H11 and references therein), no GC subpopulation analysis was done by Pota et al. (2013) for NGC 7457.
Lastly, we note that although these lenticular galaxies show similarities between their GC system kinematics and azimuthal spatial distributions, for well-studied ellipticals the picture is more complex. The giant ellipticals M87 ) and NGC 4365 (Blom et al. 2012) have had similar GC kinematic+azimuthal distribution studies, and in both cases the red and blue GC subpopulations are spatially flattened. However, the GC dynamical studies of these systems show evidence of kinematic differences between the subpopulations despite the similar projected spatial distributions. Larger numbers of studies which combine imaging and spectroscopy will be helpful in exploring the similarities or differences between GC spatial distributions and population kinematics. In general, our results suggest that detailed studies of GC azimuthal distributions out to several host galaxy effective radii can provide important constraints to galaxy formation and evolution scenarios. As emphasized earlier, cosmological dark matter N -body + hydrodynamic baryonic simulations which include GC formation will be critical in understanding the connection between the host galaxy, GC system dynamics, and the projected shapes of galaxy GC systems.
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